A theoretical description of the measured differential conductance through magnetic atoms on a Cu 2 N/Cu(100) substrate is presented [Otte et al., Phys. Rev. Lett. 103, 107203 (2009)]. In particular, we analyze the case of a weakly coupled Co/ Fe dimer. The starting point of our model is an ionic Hamiltonian which describes the inelastic electron tunneling excitations and the Kondo resonances as due to atomic spin fluctuations associated with electron cotunneling processes in the tip-atom-surface system. The interaction terms of this Hamiltonian are written in the basis set of the eigenstates of the atomic part, which in the present case includes the crystalline and Zeeman fields and also, a Heisenberg exchange coupling between the two spins. The appropriate Green's functions that define the differential conductance spectra are calculated by means of the equation-of-motion method. We obtain, in this form, a very satisfactory description of the overall experimental findings related to the behavior of the spin state excitations and Kondo resonance structures in the presence of an applied magnetic field.
I. INTRODUCTION
Kondo effects in individual atoms [1] [2] [3] [4] , molecular magnets [5] [6] [7] , or quantum dots [8] [9] [10] have been extensively studied; apart from their basic interest, these systems are contemplated as possible operational components of a quantum computer [11] . Recently, systems with two units, like double quantum dots [12] or two atoms [13] , have attracted increasing attention due to the interplay between the Kondo effect of each unit and the possible antiferromagnetic coupling between the spin of the two components [14] .
The cases of one or two magnetic atoms deposited on a metal surface have been recently analyzed by means of inelastic tunneling spectroscopy [1, 2, 13] ; in these experiments, electrons injected with a scanning tunneling microscopy (STM) tip on single or double atoms create spin-flip processes that reveal themselves in the tip-metal tunneling conductance measured as a function of the bias voltage. In particular, in Refs. [1] and [2] individual Fe or Co atoms have been analyzed and shown to have conductance steps associated with those spin-flip processes; for Co, an additional Kondo resonance is also found at the Fermi energy.
Several authors have analyzed this problem using different techniques [14] [15] [16] [17] [18] [19] [20] ; we have recently published a paper [21] analyzing both the Fe and the Co atoms by introducing an ionic Hamiltonian to describe the d electrons of the magnetic atom and their coupling to the metal states. This approach has allowed us to describe the conductance steps seen experimentally, as well as the Kondo resonance observed for the Co atom.
Otte et al. [13] . used inelastic spin excitation spectroscopy with scanning tunneling microscopy for studying interactions in a dimer formed by a Kondo-screened atomic spin (Co) and a magnetic atom (Fe) that has no Kondo resonance. This two-magnetic-impurity system presents an interesting interplay between Kondo screening, exchange coupling, and magnetocrystalline anisotropy. In particular, the inelastic spectra indicated that there is an antiferromagnetic coupling between the spins of both atoms, and that the Kondo resonance of Co was strongly affected by that coupling and reconstituted by the application of a magnetic field having the suitable magnitude and direction.
In this work we discuss the Fe/Co dimer, extending our previous approach to this case; basically, our interest is addressed to understanding theoretically how the coupling between the Fe and Co spins modifies the Kondo resonance found for the individual Co atom, as well as the small structures seen in the differential conductance around the Fermi energy. In our model the atomic part of the multiorbital Anderson Hamiltonian, including Zeeman and magnetocrystalline anisotropy terms and also a Heisenberg coupling between atoms, is diagonalized in the basis set of spin configurations of the noninteracting dimer. By assuming the possibility of spin fluctuations in each atom, the interaction part of the Hamiltonian projected over these eigenstates describes the charge exchange between the atoms and the leads as the result of a cotunneling process: in a first step, an electron tunnels from the atom to one of the leads and, in a second step, another electron jumps from the second lead to the atom. This is the first time a theory is presented fully discussing the inelastic tunneling spectroscopy for two coupled magnetic atoms, including both low-energy processes associated with the Kondo resonance and with the spin excitations.
The paper is organized as follows: Sec. II is devoted to present our model and discuss how to obtain its solution, in Sec. III we present our results and discussion, and in Sec. IV, our conclusions.
II. THEORY AND MODEL
The interaction between the tip and two atoms deposited on the surface (see Fig. 1 The first term in Eq. (1) [2] . The important difference between our model and other works existing in the literature [14] [15] [16] [17] [18] [19] [20] , resides in the proposal for the atomic part of Hamiltonian (1). The Hamiltonian describing atom A is written as (the case of atom B is completely similar) 
The first term,
y . The magnetocrystalline anisotropies experienced by the spins are quantified by the uniaxial D and transversal E anisotropy parameters. In Eq. (3), μ B is the Bohr magneton and g A (g B ) the g factors of the A and B spins. We are assuming that there is no transverse anisotropy in the case of spin A(E A = 0), and that both spins are referred to a common reference system (see Fig. 1 ).
The interaction between atoms is assumed to be given by the following Heisenberg coupling [13] :
In Eq. A crucial approximation to analyze the atoms and their interaction with the leads is to assume the exchange interaction J x d to be large enough to make the first Hund-rule operative [22] . Then the atomic lower-energy configurations correspond to the states of maximum electron spin, say S. The effect of the atom-leads interactions is to make electrons jump between the leads and the atom, changing the atom spin state between S and S-1/2. Then we assume for atom A that the most probable electronic configurations are, in the Dirac notation, |s,m and |s − 1/2,m , and for atom B,|S,M and |S − 1/2,M . For instance, in the case of an isolated Fe atom, the ground state S = 2 is described by means of different kets associated with the degenerate d orbitals 
In Eq. 
which finally can be written as
The first term of Eq. (6) describes the spin fluctuation of atom A while atom B is in its ground state |S,M ; the second one is similar but it represents the spin fluctuation taking place in atom B while atom A is in its ground state |s,m . The third and fourth terms correspond to spin fluctuations in atoms A and B, respectively, but with the other atom, B or A, having fluctuated to the spin configuration |S − 1/2,M or |s − 1/2,m . In general, these last two terms are associated with simultaneous virtual transitions in both atoms and can be neglected, as done from now on. The antisymmetric nature of many fermion wave functions has been taken into account in Eq. (6) [23] for describing the low-energy excitations of different impurity elements across the 3d row of the periodic table, adsorbed on a metal surface. The following expression was found for the coupling matrix elements V kα,M,σ :
where V kα defines the strength of the V kαM interaction.
In the following step we diagonalize the atomic Hamiltonian (H 
The interaction part of the Hamiltonian, Eq. (6), is now projected on the basis set of the eigenstates of the atomic part [Eq. (8) 
where E S,s
, and E
S−1/2,s l
are the eigenvalues corresponding to the following Hamiltonian:
The coupling terms introduced in Eq. (9) are given by
As it was previously mentioned, we identify atom A with Co and atom B with Fe. The case of noninteracting atoms (J = 0) has been treated and discussed in a previous work [21] . In that paper we found a good description of the measured conductance spectra as a function of an applied magnetic field for Fe or Co atoms adsorbed independently on a CuN surface [1, 2] . The total spin values S = 2 and s = 3/2 for describing the lower-energy states of Fe and Co atoms, respectively, and their interaction with the metal, were extracted from the experiments. The appropriate spin fluctuations S = 2 to S = 3/2 for Fe and s = 3/2 to s = 1 for Co, within a hole picture, were deduced by comparing theory with experiments [21] . In this work, we include the antiferromagnetic coupling J between Fe and Co atoms proposed by Otte et al. [13] , for explaining the features observed in the conductance spectra measured with the tip positioned on either the Fe or the Co atom of a dimer structure.
A. Green's function technique and equation-of-motion method
The Keldysh Green's functions [24] are appropriate for treating out-of-equilibrium problems as the one posed by the inelastic tunneling current effects through the magnetic atom. For the sake of simplicity, we will only discuss the case of Fe (extension to the Co case is immediate by changing S by s and vice versa). A convenient solution of Hamiltonian (9) can be obtained by using the following Green's functions: 
where {}/[] indicates the anticonmutator/conmutator of the corresponding operators defined in t and t, and the function F is the specific Green's function yielding the nonequilibrium properties of the system. We should mention that, in the hole picture we are using in this work, the operator |ψ 
S,s i
). This is reminiscent of the creation operators used to define the conventional Green's functions; Eqs. (11) and (12) | t do not satisfy the conmutation rules of the conventional fermionic operators. The properties related to the orthonormality of the electronic configurations have to be taken into account when one is working with these projection operators. For a full discussion of the properties associated with the operators |χ p χ q |, see Ref. [25] .
The Green's functions (11) and (12) ). We stress that the equation of motions associated with the higher-order Green's functions incorporate, in the consistent solution for the initial, the two-particle interaction effects that describe the inelastic electron tunneling excitations of the coupled magnetic atoms. This approach yields the following advanced diagonal Green's function G 
In Eq. (13) 
takes into account the transfer processes between the kσ electrons of the tip and the magnetic atom. This equation can be written in terms of G and F as follows [21] :
where 
where
) defines an effective broadening. Then the conductance, in units of G 0 (the conductance quantum), measured with the tip over the Fe atom, and in the limit of low temperatures and small bias voltages, is given by
Finally, we can approximate
S,S−1/2,(s) σj i
1(Fe) by assuming 1 2 . In the same way, the final expression for the conductance measured with the tip over the Co atom is
III. RESULTS AND DISCUSSION
Our proposal, expressed through Hamiltonian (9), is that inelastic excitations observed in the electronic transport through magnetic atoms can be explained by a cotunneling process in which an electron is transferred from the tip (lead) to the atom and, in a second step, another electron is transferred from the atom to the lead (tip) [18, 21] . In this process the total spin of the atom has fluctuated, first from S to S-1/2 (Fe case), and then from S-1/2 to S again, so that the final state is different from the initial one if the M component is changed (see the Appendix). For very low temperatures we have an initial ground state and a final excited state; in such a case, a conductance step appears at a bias voltage equal to the excitation energy. A Kondo resonance will also appear for a manifold degenerate ground state, when the fluctuations among them involve a change in the spin projection equal to 1, which corresponds to a spin flip of a conduction electron. All these features are captured in our model by the self-energy terms appearing in Eq. (13) .
In our calculations (see Ref. [21] ), we use a flatband approximation for the metal with a half bandwidth of = 10 eV, and the values = ε S=2 − ε S=3/2 = 2 eV, 2(Fe) = 32 meV, = ε S=3/2 − ε S=1 = 1 eV, 2(Co) = 40 meV. The parameters of Hamiltonian (3) are extracted from Ref. [13] , D Fe = −1.53 meV, E Fe = 0.31 meV, D Co = 2.7 meV, E Co = 0.0 meV, g Fe = 2.11, and g Co = 2.16. The value of the exchange interaction, J = 0.13 meV, is also taken from the work of Otte et al. [13] , although another value, 0.19 meV, will be explored below.
It is convenient to start considering the simplest case: Fig. 2 , because in both atoms, we find fluctuations among the many-fold degenerate ground state that involve changes in the spin projection equal to 1. On the other hand, we cannot expect in this case to have conductance steps, because the cotunneling processes do not imply energy changes in the atom states. As we shall discuss below, introducing the anisotropy terms and the exchange interaction changes these Kondo resonances, in such a way that these peaks evolve into other resonances and /or conduction steps associated with changes in the atomic state energies. We see below that the practically constant values of the conductance around V = ±10 mV in both atoms, Co and Fe, are the same when the anisotropy terms and the exchange interaction between atoms are introduced.
Going a step further, we introduce the anisotropy terms but taking J = 0. There are now anisotropy terms in both atoms but the exchange interaction between them is zero. From the diagonalization of H Eigenfunctions (20a) and (21a) are associated with a Kondo resonance in the Co atom, since changes m = ±1 in the spin projection occur. This is so because for J = 0, the dimer behaves as two independent atoms, so that the differential conductance for the tip on top of Fe (Co) is the same as the one obtained for the isolated Fe (Co) atom. Consequently, we find the differential conductance shown in Fig. 3 , in agreement with our previous results of Ref. [21] . In particular, for Co there is only one possible inelastic conductance channel corresponding to an excitation energy of 5.39 meV [see Fig. 3(a) and its inset] .
In the case of Fe, the three inelastic channels indicated in the inset of Fig. 3(b) appear in the conductance spectrum at the following energies: 0.18, 3.84, and 5.57 meV [see Fig. 3(b) ]. The inelastic channel closest to the Fermi level, of 0.18 meV, is associated with the excitations to the eigenstates (20b) and (21b).
Consider now the case with the J S · s interaction included (J = 0.13 meV). Then, due to the J coupling, the doublet ground states result in practically a combination of the states (20a) and (20b) or of the states (21a) and (21b): 
(23b)
The ground state is a doublet where the z component of the Co spin is mostly antiparallel to the Fe spin. The possibility of having m = ±1 fluctuations in the Co atom anticipates a Kondo peak for the tip on this atom. But we also have fluctuations M = ±1 in Fe, with smaller weights than in the case of Co; then, it is possible to have a rather small but non-negligible Kondo resonance when the tip is over the Fe atom. These Kondo resonances can be seen in the conductance spectra shown in Fig. 4 .
A very good agreement with the experimental trends [13] is obtained in this case (B = 0 T). The most important changes in the differential conductance introduced by the antiferromag- netic interaction between Fe and Co appear around the Fermi level. In Co the Kondo peak is drastically reduced and a new two-step structure appears around the zero energy, reminiscent of the one found for the isolated Fe, due to the mixing of the Fe and Co states. In the case of Fe, apart from the small Kondo peak, the intensity of the lowest-energy conductance steps is notably diminished. All these effects can be traced back to the changes in the wave functions (22) and (23) . The very small Kondo resonance calculated with the tip on the Fe atom is not seen experimentally, which might be due to the energy resolution of the experiments.
The conductance steps appearing at larger energies are similar to the ones found for the isolated atoms and are associated with the different inelastic channels. For Co, one conductance step appears at 5.6 meV (5.4 meV in the isolated atom), while for Fe, we find steps at 4.0 and 5.6 meV (3.8 and 5.5 meV in the isolated atom). See the insets of Fig. 4 .
In view of these results, we have explored the possibility of using a reduced configurational space to analyze the dimer properties around the Fermi energy. In this approximation we have included only the ground [Eqs. (22a) and (23a)] and first excited doublet states [Eqs. (22b) and (23b)], and the four lowest-energy states with one electron more corresponding to either the spin configuration S = 3/2, s = 3/2 (tip on Fe) or S = 2, s = 1 (tip on Co). Figure 4 also shows the differential conductance with this reduced basis set; the good description found around the Fermi level is encouraging for future treatments of larger-size clusters of similar atoms [26, 27] .
The conductance behavior for the interacting dimer in the presence of an applied magnetic field in the z direction is shown in Fig. 5 . We find as in the experiment [13] , that the magnetic field initially reduces the splitting of the Kondo peak and at a field of approximately 2 T, the two peaks merge into a Kondo peak similar to the one for an isolated Co atom. For a magnetic field B z = 2 T the ground state again becomes a doublet with very appreciable weights of fluctuations m = ±1 in the Co 
The first one (24) corresponds to the Co spin being mostly antiparallel to the Fe spin, while the second one (25) , to the Co spin mostly parallel to the Fe spin. It is found that the ground state changes from a predominantly antiferromagnetic (AF) character for magnetic fields below 2 T to a predominantly ferromagnetic (F) character for magnetic fields larger than this value. Interestingly, at the Kondo resonance, the two behaviors, (AF) and (F), coexist.
In Fig. 6 we show the behavior of the conductance through Co close to the Fermi level when the magnetic field B z is varied around 2 T. The case of an isolated Co atom (J = 0) for a field of 0.4 T applied in the easy magnetization plane is also shown in Fig. 6 . It is observed that the conductance spectrum in this case practically coincides with the one for the interacting dimer (J = 0.13 meV) in the presence of a magnetic field equal to 2.5 T. The resemblance between both curves supports the observation of Otte et al. [13] , that the exchange coupling to the Fe atom can be viewed as an effective field of 2.1 T opposing the external magnetic field. The observed agreement between the widths of the two peaks around the Fermi energy in both cases indicates that the strength of the Kondo screening interaction is not significantly affected by the exchange coupling.
On the other hand, by varying the value of the exchange interaction, we find that for J = 0.19 meV, the Kondo peak in Co is recovered at B z = 3 T, as it can be seen in Fig. 7(a) . We also find that the conductance spectrum for an applied field B z = 3.5 T in the case of J = 0.19 meV practically reproduces the one for an isolated Co atom, and at B z = 0.4 T, [13] is better achieved by taking J = 0.13 meV.
Finally, we show in Fig. 9 the differential conductance for a magnetic field applied in the x direction (see Fig. 1 ), taking J = 0.13 meV. We find in the case of Co that the Kondo peak is not recovered when the magnetic field increases, in agreement with the experimental results [13] . The lowestenergy conductance step in the case of Fe is found to follow the same evolution as in the experiments. The intensity of this step increases up to a magnetic field of around 3 T, and then it decreases as B x increases. For Co, our theoretical results show a very small structure close to the Fermi level, either a Kondo peak at zero field or a small depression for an applied magnetic field; although these very small features are not seen experimentally, these results are consistent with our calculated first excitation energy (0.05, 0.11, 0.12, and 0.08 meV for B x = 1, 3, 5, and 7 T, respectively). Figure 10 shows a close-up of the differential conductance for Co around the Fermi energy; notice here the width of the narrow features just mentioned.
IV. CONCLUSIONS
In conclusion, we have analyzed the inelastic electron excitations in a Fe/Co dimer deposited on Cu 2 N, as characterized by the differential conductance measured with a STM tip located on either Co or Fe [13] . In order to present a comprehensive understanding of the physics of this problem, we have also discussed initially the case of the independent atoms of Fe or Co. In all these cases, the starting point is an ionic Hamiltonian that takes into account the atomic spin-flip fluctuations by means of a cotunneling process in which electrons are transferred to/from the metal. For the dimer case we introduce an appropriate basis set to take into account the Fe/Co coupling. Then, in this basis set an equation-of-motion method allows us to calculate the Green's functions of the problem and the differential conductance of the tip/Fe-Co/metal system. Our results show that the antiferromagnetic coupling of the two atoms substantially reduces the Kondo resonance that is found for the isolated Co atom. We also show that with a magnetic field perpendicular to the dimer direction, the antiferromagnetic coupling is changed gradually into ferromagnetic coupling, and a Kondo resonance is recovered for a magnetic field between 2 and 3 T. We show that in this new Kondo resonance the system has a mixed antiferro-ferromagnetic character. Finally, we mention that our results for the differential conductance of the dimer system are in good agreement with the experimental data of Otte et al. [13] . showing, in particular, around the Fermi energy most of the characteristics found in the experiments. FIG. 11 . The cotunneling process when the tip is over the Fe atom. In the inset we show schematically the excitation process mediated by the S-1/2 spin states of Fe.
